Experiments were conducted to determine the relationships between deboning time and broiler breast meat quality, as determined by objective meat tenderness, pH, color and cooking loss. All birds were processed in a European commercial processing plant using a high current, constant voltage stunning system and air chilling. According to a modified Mitscherlich response equation, pH values reached their ultimate value by 5.77 h post-mortem, with an asymptotic 95 % confidence interval of 5.72 h--5.81 h post-mortem. The shear force data, which were analyzed using a logistic model, suggested that broiler breast fillets should be aged intact on the carcass for 10.58 h, 5.94 h or 2.28 h to guarantee that over 95 % of the fillets reach Allo-Kramer shear forces of 8.0, 9.0 or 11.0 kg/g, respectively. Since acceptable meat tenderness values vary with country, geographical area, or consumer groups, acceptable ranges should be determined according to potential market demands. No relationships between deboning time and fresh meat color or cooking loss was found.
ntroduction
In Europe, a growing proportion of fresh broiler breast meat is marketed to consumers as a boneless product. Often the breast meat is mechanically deboned immediately after air chilling, within 60-90 minutes post-mortem. There have been numerous published studies, mostly in North America, showing that longer aging times between slaughter and deboning are required to produce tender meat (Pool et al. 1959 , Dodge and Stadelman 1959 ,Stewart et al. 1984 , Lyon et al. 1985 , Sams and lanky 1986 Broiler breast fillet deboning time and quality sonetal. 1987 sonetal. , Sams et al. 1989 . Recommendations have been made to age intact broiler carcasses for at least 4 to 6 hours post-mortem prior to removal of the breast muscles (Goodwin 1984 , Shelton 1985 , Stadelman et al. 1988 . These recommendations are primarily based on research and practical experiences from processing lines using non-standardized low voltage (and low current) stunners, and rapid ice and water immersion chilling; methods not commonly used in the Western European poultry industry. Early deboning of poultry meat has been reported to have some advantages as well as disadvantages. Early deboned broiler breast meat can be suitable for formulating into processed rolls (Boyd and Ball 1973) . Also, sausages made from hot boned thigh meat have been reported to have a higher emulsion capacity, but a greater cooking loss than samples made from cold deboned, aged meat (Lyon et al. 1983) .
Little has been published concerning the deboning time as related to broiler meat tenderness, color, and cooking loss, using European high current stunning and air chilling. Also, experiments conducted in commercial processing plants have been rarely published.
The objective of this study was to determine the relationship between deboning time and broiler breast meat quality in a European commercial processing plant using high current stunning and air chilling. Breast meat quality was determined using objective meat tenderness, pH, color and cooking loss.
Material and methods
Three trials, with 56 birds in each, were conducted using mixed sex, 37-day-old Ross 208 broilers. Feed was removed from the birds at 8-10h before slaughter, but birds were allowed free access to water. The birds were caught and cooped about 4-5 h prior to slaughter. The broilers were slaughtered in a commercial processing plant. Stunning was done using a constant voltage in-line stunner with voltage of 100 V and frequency of 50 Hz. Six birds were in the stunner circuit at the same time, the measured average amperage per bird was 120 mA. The birds were exsanguinated unilaterally, bled for 180 s and scalded at 54°C for 180 s and picked. After evisceration, the broilers were air chilled for 45 min at 0°C in circulating air. The end point temperature of breast fillets was 4-6°C.
Eight different deboning times post mortem were used: 10 min, 65 min, 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h. For the 10 min group, the breast muscles were excised from carcasses which were taken from the processing line immediately after defeathering (hot-boned). The 65 min samples were removed from carcasses which were taken from the processing line immediately after chilling. The carcasses for the later groups were removed from the processing line after air chilling, and held packed in crushed ice until the time of sampling. The excised breast muscles were placed in plastic bags, transported in ice to the laboratory and were then stored at 4°C until the meat quality measurements could be performed on the following day.
One breast muscle from each bird was used for pH measurement, while the muscle from the opposite side of the same bird was used to determine color, cooking loss and shear force. For pH determination, duplicate samples were removed from the inner cranial area of the muscle immediately after deboning, and were analyzed according to the iodoacetate method described by Jeacocke (1977) . The color, cooking loss and shear force measurements were done at 30-36 h post-mortem. Meat color was determined from the inside surface of the uncooked muscle with a Minolta CR-200 colorimeter using illuminant D 6J . Muscle samples were then weighed and cooked for 20 min in 90°C steam. The samples were allowed to equilibrate to room temperature and were reweighed. Cooking loss was calculated as a percentage of weight loss from the uncooked muscle weight. Shear force was determined using an Allo-Kramer shear cell in an Instron Universal Testing Machine (Instron, High Wycombe, England) . A square shaped sample. Vol. 5 (1996) : 49-55. 20 X 20 mm, was cut from the thickest part of the cranial area of the muscle, such that two sides of square were parallel to the surface muscle fibers. Full scale load was set at 10kg and cross head speed was set at 80 mm/min.
Statistical analysis
The GLM procedure of SAS®/STAT program (SAS Institute 1990) was used to determine time by trial interactions for pH and shear force data. Since no significant time by trial interactions were found the three trials were combined for further analyses.
The pH data was analyzed with NLIN procedure ofSAS®/STAT program (SAS Institute 1990) . A modified Mitscherlich response equation was used to characterize pH levels of broiler breast muscle as a function ofpost-mortem time (Ware et al. 1982) . The model presented is _y = (3(1 +pe -a( *~e) ) where y = pH level of broiler breast at x hours postmortem (3 = the asymptotic minimum value of pH a = rate of decrease in pH-level 0 = time (x) when the pH value is IOOp % above asymptotic minimum Shear force gives a objective, quantitative measurement to the tenderness of meat. The variance of shear force changes considerably with time. Therefore ordinary regression or analysis of variance applications may not be suitable for comparing the significance of differences in shear force over time. However, acceptable tenderness is a binary phenomenon from the point of view of the customer: the tenderness ofmuscle is either acceptable or not. Logit models (Collett 1991) are suitable for analyzing data in the form of proportions. For the purposes of logistic modeling of tenderness, three levels of shear force were tested as high delimiters of acceptable tenderness: 8.0, 9.0 and 11.0 kg/g. Let T denote the time post-mortem until deboning (measured in this case on the logarithmic scale) and n(T) the probability that a muscle deboned at time T post-mortem will turn out to be tender. The logit model used for the dependence of the time T and the probability 7t(T) is
The transformation of the probability 7t(T) on the left side of the equation is called logistic transformation. The probabilities of being tender were thus compared on the logistic scale.
Let T 95 be the time T that is needed postmortem to assure that 95 % of the muscles are tender in the sense of the definition given above. Hence, in terms of the logit model T 95 is the time T at which 7t(T) equals 0.95. By substituting this value into the logit model above, T 9J can be solved, as soon as y and 8 are known. As these parameters are estimated from experimental data, the time T 95 is also subject to experimental error. Based on the standard errors and covariances of the parameter estimates, confidence interval for the time T 95 was determined by the method of Collett (1991) .
The data from the color and cooking loss measurements were analyzed by ANOVA using the GLM procedure of SAS®/STAT program (SAS Institute 1990). The main effects of deboning time, trial, and deboning time by trial interaction were tested using residual error.
Results and discussion
Post-mortem breast muscle pH over time is presented in Figure 1 . A modified Mitscherlich response equation was applied to estimate when the values reach their ultimate pH level (level at 24 h post-mortem). According to the model, pH did not change after 5.77 h post-mortem, with an asymptotic 95 % confidence interval of 5.72-5.81 h post-mortem. The result of this study is different from that of Kijowski et al. (1982) , who reported that pH did not decrease after 2 h post-mortem. The first timepoint for measuring the pH in their experiment was 15 min post-mortem, at which time the pH value was 6.14. In this study, the pH was 6.72 at 10 min post-mortem. However, at 24 h post-mortem, the pH values were almost the same: 5.75 for Kijowski et al. (1982) and 5.79 in this study. Smith et al. (1992a) also reported a low early pH level: 6.41 at 15 min post-mortem. In contrast to Kijowski et al. (1982) , but supported by this study, Smith et al. (1992a) found that the pH at 4 h was still significantly higher than a value at 24 h postmortem. These differences may be due to different electrical stunning procedures, as suggested by a previous study (Papinaho and Fletcher 1995) , different bird strains, different physiological state of the birds at time of stunning, or different cooling rates of the breast muscles.
Shear force for breast muscles deboned at different times post-mortem is presented in Figure 2. The logistic model was applied to the shear force data three times, using three different levels of shear force as a highest acceptable values: 8.0, 9.0 and 11.0 kg/g. At each of these levels, the time T post-mortem before deboning was statistically significant in the logit model (p < 0.0001). The estimate for the time T 95 was 5.70 hours with 95 % confidence interval from 3.07 to 10.58 h, when 8.0 kg/g was used as a delimiter of acceptable shear force. The results for highest acceptable shear forces of 9.0 and 11.0 kg/g were 3.50 and 1.59 respectively. The 95 % confidence intervals for these values were from 2.06 to 5.94 and from 1.10 to 2.28, respectively. These results indicate that breast muscles should be held intact on broiler carcass up to 10.58 h post-mortem to guarantee acceptable tenderness, based on a delimiter value of 8.0 kg/g as suggested by Simpson and Goodwin (1974) . However, if a processor can use a higher delimiter and still meet customer tenderness 
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expectations, deboning times from 2.28 to 5.93 hours may be used.
Lyon et al. (1985) reported that shear force did not significantly (P < .05) decrease after 4 h post chilling (5 h post-mortem) and Stewart et al. (1984) found that shear values from broiler breast muscles deboned at 3 h post-mortem were not significantly different from intact muscles aged for 24 h. Dawson et al. (1987) found significant differences in shear force of broiler breast muscle even for muscles deboned at 8.33 and 24 h post-mortem. However, he suggested that aging for 3.33 h would be sufficient for tenderization with no advantage in tenderness gained by deboning at later times up to, and including, 8.33 h. Smith et al. (1992b) reported that shear force values for muscles deboned at 6 h post-mortem were still significantly higher than 24 h values. However, all these results were generated in North America using different stunning and chilling methods which may have resulted in faster post-mortem muscle reactions (Papinaho and Fletcher 1995) . Selecting the correct shear force level to correspond to acceptable sensory tenderness values has been the point of interest in some previous research. Simpson and Goodwin (1974) reported that Allo-Kramer shear force values greater than 8.0 kg/g corresponded to sensory scores of "slightly tough" to "tough", and values below 8.0 kg/g corresponded to "tender" to "very tender". Using more recent techniques to simulate commercial processing conditions for test birds, Lyon and Lyon (1990) reported that shear force values below 6.0 kg/g corresponded to "very tender", when values from 6.0 to 8.8 kg/g were in the "slightly tender" to "moderately tender" range.
No differences were found in color and cooking loss values within the different deboning times. The average color values were 54.1 ± .2 for lightness (L*), 2.0 ± .1 for redness (a*) and On the basis of this study, similarrecommendations to those of Goodwin (1984) , Shelton (1985) and Stadelman et al. (1988) can be given for broiler breast muscle deboning times, when high voltage stunning and air chilling are used. The shear force data, which were analyzed by the logistic model, suggest that broiler breast fillets should be aged intact on carcasses for 10.58, 5.94 or 2.28 h to guarantee that over 95 % of the fillets to reach shear forces of 8.0, 9.0 or 11.0 kg/g respectively. Since acceptability of certain meat tenderness may be different in different countries or areas, as well as in different customer groups, the shear force range that is considered as an objective measurement for an acceptable tenderness should be individually determined for each case.
